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ABSTRACT
The merger of a double neutron star (NS-NS) binary may result in a rapidly rotating massive NS with an
extremely strong magnetic field (i.e., a millisecond magnetar). In this case, the magnetic spin-down of the
NS remnant provides an additional source of sustained energy injection, which would continuously power the
merger ejecta. The thermal emission from the merger ejecta would give rise to a bright optical “magnetar-
powered merger-nova". In this work, we carry out a complete search for magnetar-powered merger-nova from
Swift short gamma-ray burst (SGRB) sample. We focus on short GRBs with extended emission or internal
plateau, which may signify the presence of magnetars as the central engine. We eventually find three candi-
dates of magnetar-powered merger-nova from the late observations of GRB 050724, GRB 070714B and GRB
061006. With standard parameter values, the magnetar remnant scenario could well interpret the multi-band
data of all three bursts, including the extended emission and their late chromatic features in the optical and
X-ray data. The peak luminosities of these merger-novae reach several times 1042 erg s−1, more than one or-
der of magnitude brighter than the traditional “kilo-novae” with peak luminosity of ∼ 1041 erg s−1. Intense,
multi-color late time observations of short GRBs are encouraged to identify more merger-novae in the future.
Subject headings: gamma rays: burst - hydrodynamics - radiation mechanisms: non-thermal - stars: neutron
1. INTRODUCTION
The direct detection of gravitational waves (GWs) was re-
cently achieved by the Laser Interferometer Gravitational-
wave Observatory (LIGO) team, who reported two GW events
(GW 150914 and GW 151226) and one more candidate (LVT
151012) from black hole (BH) binary mergers (Abbott et al.
2016a,b). A brand new observational window to study the
physical universe has been opened. Because of the faint na-
ture of GW signals, detecting an electromagnetic (EM) emis-
sion signal coincident with a GW signal in both trigger time
and spatial direction is essential to confirm the astrophysical
origin of the GW signals and study the astrophysical proper-
ties of the GW sources (e.g. host galaxy, distance).
The frequency range of the ground-based GW de-
tectors, such as Advanced LIGO (Abbott et al. 2009),
Advanced VIRGO (Acernese et al. 2008) and KAGRA
(Kuroda & LCGT Collaboration 2010) interferometers, is de-
signed to uncover the final inspiral and merger of compact
object binary (NS-NS, NS-BH, BH-BH) systems. Whether
a BH-BH merger system could have an EM counter-
part still needs further observations (see a tentative can-
didate GW150914-GBM claimed by the Fermi/GBM team
(Connaughton et al. 2016) and counter opinions (Xiong 2016;
Greiner et al. 2016); and some theoretical models (Zhang
2016; Loeb 2016; Perna et al. 2016) and counter opinions
(Zhang et al. 2016)). GW signals from NS-NS and NS-BH
mergers, on the other hand, are highly expected to be associ-
ated with EM signals (e.g. Metzger & Berger 2012; Chu et al.
2016, for reviews). The GW signals from NS-NS and NS-BH
mergers may be detected by the current GW detectors (ad-
vanced LIGO and Virgo) in the near future.
The relative brightness of EM counterparts of a GW
source is essentially determined by the properties of the
leftover remnant from the merger. For NS-BH mergers,
the merger remnant is a BH (surrounded by an accretion
torus). NS-NS mergers, on the other hand, may result
in four different types of merger remnants (Rosswog et al.
2000; Dai et al. 2006; Fan & Xu 2006; Gao & Fan 2006;
Rezzolla et al. 2010; Rezzolla et al. 2011; Zhang 2013;
Giacomazzo & Perna 2013; Rosswog et al. 2014; Lasky et al.
2014): 1) a promptly formed BH; 2) a temporary, hyper-
massive NS (supported by differential rotation) which sur-
vives 10-100 ms before collapsing into a BH; 3) a supra-
massive NS supported by rigid rotation, which would sur-
vive to much longer time (e.g. longer than 100 s) before
collapsing to a BH after the NS spins down; and 4) an in-
definitely stable NS. The fractions for these outputs are es-
sentially dependent on the total mass of the NS-NS system
and the NS equation of state, which are currently not well
constrained. Based on the constraints from short Gamma-
ray Burst (SGRB) data and one favored NS EoS, Gao et al.
(2016) suggested that the fractions for the several outcomes
of NS-NS mergers are as follows: ∼ 40% prompt BHs (or
hypermassive NSs that collapse shortly after the mergers),
∼ 30% supra-massive NSs that collapse to BHs in a range of
delay time scales, and ∼ 30% stable NSs that never collapse.
Overall, for NS-BH mergers and a fraction of NS-NS mergers
(∼ 40%), the post-merger product would be a BH surrounded
by a mildly isotropic, sub-relativistic ejecta (which is com-
posed of the tidally launched matter during the merger and
the matter launched from the neutrino-driven wind from the
accretion disk (e.g. Rezzolla et al. 2011; Rosswog et al. 2013;
Bauswein et al. 2013; Hotokezaka et al. 2013). The typical
mass and speed of the ejecta are in the range of 10−4−10−2 M⊙
and 0.1−0.3 c, respectively (Hotokezaka et al. 2013). In this
case, the EM signals include a SGRB and its afterglow emis-
2sion (Eichler et al. 1989; Narayan et al. 1992; Rosswog et al.
2013; Gehrels et al. 2005; Barthelmy et al. 2005; Berger
2011), an optical/infrared transient (Li & Paczyn´ski 1998;
Kulkarni 2005; Metzger et al. 2010; Barnes & Kasen 2013)
powered by the radioactivity of the neutron-rich materials
ejected during the coalescence process (Rezzolla et al. 2011;
Rosswog et al. 2013; Hotokezaka et al. 2013), and a long-
lasting radio emission as the ejecta interacts with the am-
bient medium (Nakar & Piran 2011; Piran et al. 2013). The
SGRB and its afterglow are relativistic and likely collimated
(Burrows et al. 2006; De Pasquale et al. 2010) so that they are
only detectable in preferred directions. On the other hand,
the optical/infrared transient and the long-lasting radio emis-
sion are mildly isotropic and non-relativistic (due to heavy
mass loading), and therefore may be detected from any di-
rection if the flux is high enough. Since the optical/infrared
transient is generated from the ejected materials during the
merger process and is powered by radioactive decay from
r-process radioactive materials, henceforth we call it an “r-
process-powered merger-nova". Note that such a transient
is also named as “macro-nova" by Kulkarni (2005) due to
its sub-supernova luminosity, or “kilo-nova" by Metzger et al.
(2010) due to its luminosity being roughly∼ 103 times of the
nova luminosity.
Besides the black hole merger product, NS-NS merg-
ers could also result in a supra-massive NS or even an
indefinitely stable NS. In this case, magnetic spin-down
of the NS remnant would provide an additional source
of sustained energy injection, which greatly enriches and
enhances the EM signals. A jet may be still launched
via accretion from a disk to power the SGRB emission
(Metzger et al. 2008; Dessart et al. 2009; Lee et al. 2009;
Fernández & Metzger 2013; Zhang & Dai 2010). The ther-
mal emission from the ejecta would be significantly enhanced
since heating by the magnetar wind could easily exceed
the r-process power (Yu et al. 2013; Metzger & Fernández
2014; Kasen et al. 2015; Siegel & Ciolfi 2016a,b), hence-
forth we call it a “magnetar-powered merger-nova". More-
over, the magnetar-power would energize and accelerate
the ejecta to a mildly or even moderately relativistic speed
(Metzger & Bower 2014), giving rise to a strong broad-band
afterglow-like emission upon interaction with the ambient
medium (i.e. the double neutron star (DNS) merger afterglow
model, Gao et al. 2013a). Finally, in the directions with ejecta
cavity or after the ejecta becomes transparent, X-rays from di-
rect dissipation of the magnetar wind could escape and reach
the observer (Zhang 2013; Sun et al. 2016) .
After several years of search from new observations and
archival data, some of the proposed signals were claimed to
be detected or to be associated with some short GRBs. For
instance, a rapidly fading optical transient source, PTF11agg,
was reported by the Palomar Transient Factory (PTF) team,
which was proposed to be a good candidate for DNS merger
afterglow emission (Wang & Dai 2013; Wu et al. 2014). A r-
process-powered merger-nova was claimed to be detected in
the near-infrared band for GRB 130603B1 (Tanvir et al. 2013;
Berger et al. 2013; Fan et al. 2013a). Meanwhile, Gao et al.
1 Prompted by this detection, Yang et al. (2015) re-examined the late af-
terglow data of GRB 060614 observed with HST, and claimed to find an-
other candidate r-process-powered merger-nova associated with this event.
It is worth noticing that according to its duration, GRB 060614 is classi-
fied as a long burst. However, its multi-wavelength observational properties
are more consistent with those GRBs with a compact object merger origin
(Gehrels et al. 2006; Gal-Yam et al. 2006; Zhang et al. 2007).
(2015) made a comprehensive analysis on the multi-band ob-
servations of GRB 080503, and suggested a case to con-
nect the late-time optical excess of GRB 080503 (Perley et al.
2009) with a magnetar-poweredmerger-nova (see also an ear-
lier qualitative proposal by Metzger & Piro (2014)). Unfor-
tunately this burst did not have a redshift measurement, so
that the precise energetics of the merger-nova cannot be mea-
sured. Some rapidly evolving and luminous transients dis-
covered recently with the Pan-STARRS1 Medium Deep Sur-
vey was proposed by Yu et al. (2015) as good candidates of
magnetar-powered merger-nova. Most recently, a complete
search for r-process-powered merger-nova had been made by
comparing the late-time optical-nIR data of all short GRBs
to r-process-poweredmerger-novamodels (Fong et al. 2016b;
Jin et al. 2016), and Jin et al. (2016) claimed to find one more
candidate in GRB 050709.
In this work, we attempt to carry out a complete search for
magnetar-powered merger-novae.
Evidence of a magnetar following some SGRBs has been
collected in the Swift data. For instance, about 20% of
short GRBs detected with Swift have soft γ-ray extended
emission (Norris & Bonnell 2006; Sakamoto et al. 2011) fol-
lowing their initial short, hard spike. Some other SGRBs
show an internal X-ray plateau followed by very rapid decay
(Rowlinson et al. 2010, 2013; Lü et al. 2015), which requires
a long-lasting central engine. A statistical analysis suggests
that the so-called extended emission is consistent with being
the brighter, harder internal X-ray plateau emission (Lü et al.
2015). All these features are difficult to interpret within the
framework of a black hole central engine, but are consistent
with the existence of a rapidly spinning millisecond magnetar
central engine that survives for an extended period of time be-
fore collapsing(Rowlinson et al. 2010, 2013; Gompertz et al.
2013, 2014; Lü & Zhang 2014; Lü et al. 2015). We thus focus
on the SGRB sample with extended emission or X-ray inter-
nal plateau emission in order to search for magnetar-powered
merger-novae2. In Section 2, we give a general description of
different emission sites and emission components involved in
the scenario when NS-NS mergers leave behind a NS. In Sec-
tion 3, we present our systematic search of merger-novae from
the SGRB sample and show three candidates, GRB 050724,
GRB 070714B and GRB 061006, whose multi-band observa-
tions can be well fitted by the magnetar model. The conclu-
sion and implications of our results are discussed in Section
4. Throughout the paper, the conventionQ = 10nQn is adopted
in cgs units.
2. MODEL DESCRIPTION
If the total mass of binary neutron star system is small
enough and the equation of state of nuclear matter is stiff
enough, the merger of two NSs could leave behind an in-
definitely stable or a supra-massive NS (Dai et al. 2006;
Gao & Fan 2006; Zhang 2013; Lasky et al. 2014; Fryer et al.
2015; Li et al. 2016). Considering that before the merger
the two NSs are in the Keplerian orbits, the newborn mas-
sive NS should be rapidly spinning near the breakup limit
and may also carry a strong magnetic field B & 1014G sim-
ilar to that of known Galactic “magnetars" (Zhang 2013;
Metzger & Piro 2014, and reference therein). Themillisecond
magnetar is surrounded by a mildly isotropic, sub-/mildly-
relativistic ejecta. A quasi-spherical symmetry for the ejecta
2 Systematical studies for magnetar-powered radio emission from sim-
ilar SGRB samples have already been performed in various works
(Metzger & Bower 2014; Horesh et al. 2016; Fong et al. 2016).
3could be reasonably assumed considering a variety of origins
of the ejecta materials (Metzger & Piro 2014). Under this sce-
nario, there are four emission sites and several emission com-
ponents (see details in Gao et al. (2015)).
• The magnetar would be initially surrounded by a cen-
trifugally supported accretion disc (Metzger et al.
2008; Dessart et al. 2009; Lee et al. 2009;
Fernández & Metzger 2013), so that a short-lived
(. s), collimated jet could be launched (Zhang & Dai
2010; Bucciantini et al. 2012; Nagakura et al. 2014).
The jet component powers the short spike in prompt
emission and the GRB afterglow emission.
• After the jet breaks out from the ejecta, the hole
punched by the jet remains open as the Poynting-
flux-dominated magnetar wind continuously penetrates
through the hole. An early magnetar wind component
powers the soft extended emission and the high latitude
tail emission.
• In a wider region, the magnetar wind encounters the
ejecta, and a significant fraction of the wind en-
ergy (parameterized as ξ) would be deposited into
the ejecta. Such a continuous energy injection pro-
cess not only heats the ejecta material to power the
merger-nova (Yu et al. 2013; Metzger & Piro 2014;
Metzger & Bower 2014), but also accelerates the ejecta
to a higher speed (even reaching a mildly or moderately
relativistic speed in some parameter regimes), giving
rise to bright afterglow emission by driving a strong
forward shock into the ambient medium (Gao et al.
2013a).
• After the characteristic spindown time scale, the mag-
netic pressure drops quickly, so that the hole punched
by the initial jet would be closed. The remaining frac-
tion of the wind energy (1− ξ) would be deposited into
the ejecta in the form of thermal and kinetic energy.
The dissipation photons in the magnetar wind or in the
wind-envelope interaction regions would be trapped but
would eventually diffuse out with a reducing factor e−τ ,
where τ is the optical depth of the ejecta. At a later
epoch, the entire ejecta becomes optically thin. The X-
rays powered by magnetar-wind dissipation would es-
cape freely and reach the observer directly.
A detailed description of the model is presented in the Ap-
pendix.
3. CANDIDATE SEARCH
3.1. Sample selection
For a complete search of magnetar-powered merger-novae,
we set up three criteria for sample selection:
• We focus on short GRBs with extended emission or
internal plateau, which may signify the presence of a
supra-massive magnetar at the central engine.
• We focus on bursts with high-quality late-time data
in both X-ray and optical bands. More specifically,
at time ≥ 104 s after the trigger, a candidate should
have enough photons to extract a reasonable X-ray light
curve and it should have at least two detections (and/or
with several upper limits) in the optical band. We re-
quire that the late optical data and X-ray data should
clearly show a feature deviating from the standard ex-
ternal shock model, for instance, a re-brightening fea-
ture showing up in the optical lightcurve and/or in the
X-ray lightcurve, or the power-law indices for these two
bands are clearly deviating from the so-called closure-
relations, suggesting that the X-ray and optical data are
contributed by different emission components.
• In order to obtain quantitatively fitting of the data, we
require the bursts to have redshift measurements.
Based on these criteria, we systematically investigate 96
Swift short GRBs from the launch of Swift to October 2015.
We first search for those bursts with extended emission or
an internal plateau (which shares the same physical origin
as shown by Lü et al. (2015)). The data analysis details
have been presented in several previous papers (Zhang et al.
2007; Liang et al. 2007; Lü et al. 2015). Basically, by as-
suming a single power-law spectrum (O’Brien et al. 2006;
Willingale et al. 2007; Evans et al. 2009), we extrapolate the
BAT data to the XRT band and then perform a temporal fit
to the XRT-band light curve with a smooth broken power law
in the rest frame to identify a possible plateau (defined as a
temporal segment with decay slope shallower than 0.5). We
find 21 bursts that exhibit a plateau followed by a decay slope
steeper than 3 as our “internal plateau” sample. Within this
sample, 5 bursts have high quality detection data in both X-ray
and optical bands at epochs later than 104 s after the prompt
emission trigger. These are GRB 050724, GRB 051227, GRB
061006, GRB 070714B, and GRB 080503. The case of GRB
080503 has been separately discussed in Gao et al. (2015).
We exclude GRB 051227 from the following analysis since
there is no redshift detection for this burst. Interestingly, the
remaining three bursts all exhibit chromatic behaviors in late
optical and X-ray observations. In the following, we discuss
these three bursts in details.
3.2. Case study
3.2.1. GRB 050724
GRB050724 was detected by Burst Alert Telescope (BAT)
on abroad Swift at 12:34:09 UT on 2005 July 24. The prompt
BAT light curve contains a short-lived spike, with an FWHM
of ∼ 0.25 s (Covino et al. 2005; Krimm et al. 2005), which is
followed by soft extended emission lasting for at least 200 s
(Barthelmy et al. 2005; Campana et al. 2006). The total flu-
ence was (6.3± 1.0)× 10−7 ergs cm−2 (Krimm et al. 2005)
over the 15− 350 KeV band. Prochaska et al. (2005a) iden-
tified the host galaxy of the transient to be a massive early-
type galaxy at a redshift of z = 0.258± 0.002. Spectro-
scopic redshifts were reported by Prochaska et al. (2005b) (z=
0.258± 0.002) and Berger et al. (2005) (z = 0.257± 0.001).
Following the early very steep decay between 100 and 300
s (Campana et al. 2006), the X-ray light curve is well fit by a
single underlying power-law decay slope of α = 0.98, where
Fν ∝ t−α, then the X-ray flux rebrightened to the level of
3× 10−12 erg s−1 cm−2 around 4× 104 s after the BAT trigger
(Margutti et al. 2011).
In the optical band, the Russian-Turkish 1.5-m telescope
observed the field of GRB 050724 around 2× 104 s after the
prompt trigger, and provides an upper limit of . 4 µJy in R
band (Burenin et al. 2005). Then, the field was observed with
the ESO Very Large Telescope (VLT), using the FORS1 in-
strument, starting 0.5 days after the GRB. The afterglow is
4detected up to 3.5 days after the GRB. For the VLT observa-
tions only, assuming a power-law behavior, the decay slope in
R band is αR = 1.51± 0.09 (Malesani et al. 2007). Consider-
ing the 1.5-m telescope upper limit information and the VLT
detections, the optical afterglow of GRB 050724 showed a re-
brightening feature from∼ 104 s to∼ 105 s rather than simple
power-law decay.
We investigate the broadband data of GRB 050724 with
the physical model described in the section 2. The soft ex-
tended emission and the late X-ray re-brightening can be con-
nected with a magnetar spin-down luminosity evolution func-
tion, suggesting direct magnetic dissipation as the same un-
derlying origin for these two observed components. In the
X-ray band, after the extended emission and the early steep
decay, the funnel (i.e., the hole punched by the initial jet) is
closed due to the sideway pressure (Gao et al. 2015) so that
one is left with the X-ray emission from the external shock.
The afterglow decay slope during this period of time is about
α = 0.98. In the optical band, the re-brightening feature sug-
gesting that the optical data may not be contributed by the
GRB external-shock afterglow component. Below we show
that it can be explained by the emission from a magnetar-
powered merger-nova (see Figure 1 for details).
Considering the relatively large parameter space and the
fact that model parameters obtained by fitting GRB after-
glow data usually suffer severe degeneracy (Kumar & Zhang
2015), for the purpose of this work, we do not attempt to fit
the data across a large parameter space. For each candidate,
we present a set of parameter values that could interpret the
data well. For GRB 050724, the jet isotropic kinetic energy
Ek is set to 3.9× 1050 erg and the ambient medium density n
is set to 0.1 cm−3. The values for initial Lorentz factor (Γ0)
and half opening angle (θ) of the jet are chosen as 200 and
0.2, respectively, and our final fitting results are not sensi-
tive to these values. For microphysics shock parameters (the
electron and magnetic energy fraction parameters ǫe and ǫB,
and the electron spectral index p), we choose their commonly
used values in GRB afterglow modeling, i.e., ǫe = 0.025,
ǫB = 0.001, and p = 2.3 (Kumar & Zhang 2015, for a review)3.
For the magnetar, the stellar radius Rs is adopted as 1.2× 106
cm. The initial spin period Pi is taken as 5 ms by consid-
ering angular momentum loss via strong gravitational radia-
tion (Fan et al. 2013b; Gao et al. 2016; Lasky & Glampedakis
2016; Radice et al. 2016). The dipolar magnetic field of
strength B is adopt as 6×1015 G, which is consistent with the
suggested values by fitting the SGRBs X-ray plateau feature
(Rowlinson et al. 2013; Lü & Zhang 2014). For the ejecta, we
take the standard values of mass (Mej ∼ 10−3M⊙) and initial
velocity (vi = 0.2c), and a mild value of the effective opacity
κ = 1 cm2 g−1. Finally, we assume a relatively small value
(1%) of the wind energy that is deposited into the ejecta, as
suggested by Metzger & Piro (2014). See a collection of pa-
rameters in Table 1. One can see that the model can well
interpret both the X-ray and optical lightcurves of the event.
3.2.2. GRB 070714B
GRB070714B was detected by the Swift-BAT at 04:59:29
UT on 14 July 2007 (Racusin et al. 2007a). The 15-150keV
fluence in the prompt emission was measured to be (5.1±
0.3)×10−7 erg cm−2. The prompt emission light curve is com-
3 The distribution of the ǫB value is wide, but growing evidence from
afterglow modeling suggests that many GRB afterglows have ǫB as low as
< 10−5 (Santana et al. 2014; Wang et al. 2015; Beniamini et al. 2015).
prised of several short spikes (duration∼ 3 s) with a long, soft
tail (Barbier et al. 2007). The total duration is significantly
longer than the canonical long-short divide (T90 = 64± 5 s).
The spectral lag is consistent with zero. GRB 070714B there-
fore appears likely to be a member of the short-duration bursts
with extended emission (e.g. Barthelmy et al. (2005)). A fad-
ing optical afterglow was discovered inside the XRT error
circle (Racusin et al. 2007b) by several groups (Cenko et al.
2008, reference therein). Cenko et al. (2008) reported a single
bright emission line at λ = 7166.2±0.4, which was identified
as [O II] λ 3727 at z = 0.9225± 0.0001. This confirms the
spectroscopic redshift first proposed by Graham et al. (2007).
The XRT light curve shows a fading behavior with super-
imposed small flaring. The light curve can be fit with a power-
law starting with a steep decay with a slope of α = 2.49±0.18
followed by a plateau starting from ∼ 400 s with a slope of
α = 0.60± 0.29, which breaks at ∼ 1000 s to a steeper decay
of α = 1.73± 0.11 (Racusin et al. 2007b).
Early optical afterglow decay was roughly flat or decay-
ing with α ∼ 0.07± 0.28 (assuming a power-law decay of
the form F(t)∝ t−α). This can be compared to the X-ray de-
cay which shows a plateau during this period (see Figure 1)
. Including the late time WHT observation, the optical decay
rate becomes α = 0.86± 0.10, which is much shallower than
the X-ray decay over a similar time frame of α = 1.73± 0.11
(Levan et al. 2007; Racusin et al. 2007b). Keck I was em-
ployed to observe the field of GRB 070714B about 3× 105
s after the prompt trigger, providing an detection point of
∼ 0.1 µJy in R band (Perley et al. 2007). With this informa-
tion, the WHT data could no longer be fitted with a simple
power-law decay, at least one break feature is required before
3× 105 s. In any case, whereas the early optical data points
are roughly flat during the X-ray plateau so that the two bands
may share a common origin, the optical and X-ray behaviors
clearly diverge at late times (Graham et al. 2009).
The multi-band data of GRB 070714B could also be well
interpreted with the physical model described in the section 2.
Similar to GRB 050724, the late optical data point should be
dominated by the emission from a magnetar-poweredmerger-
nova, which explains the diverse behavior between X-ray and
optical data. The early optical data corresponds to the onset
phase of external shock emission, which explains the very flat
decay index. After the steep decay, the baseline of the decay-
ing X-ray data could be fitted by the external shock emission,
while the early soft extended emission and the small flaring
features superposed on the external shock emission may be
contributed by the direct magnetic dissipation of the magne-
tar wind.
In the GRB 070714B modeing, following parameters are
adopted (Table 1): jet isotropic kinetic energy Ek = 1.0×
1052 erg, ambient medium density n = 0.01 cm−3, initial
Lorentz factor Γ0 = 95, half opening angle θ = 0.2, shock pa-
rameters ǫe = 0.06, ǫB = 0.0002, p = 2.6, neutron star radius
Rs = 1.0× 106 cm, magnetar initial spin period Pi = 2.5 ms,
dipolar magnetic field of strength B = 1×1016 G, ejecta mass
Mej ∼ 10−2 M⊙, ejecta initial velocity vi = 0.2c, effective
opacity as κ = 1 cm2 g−1, and 10% efficiency for the wind
energy deposition into the ejecta.
3.3. GRB 061006
GRB061006 was detected by Swift-BAT at 16:45:50 UT
on 2006 October 6 (Schady et al. 2006). This burst began
with an intense double-spike from T-22.8 to T-22.3 seconds.
This spike was also seen as a short GRB by RHESSI, Konus,
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FIG. 1.— Modeling results for the broad-band observations of GRB 050724 (left panel), GRB 070714B (middle panel) and GRB 061006 (right panel). The
time is in the observer frame. The blue and red colors denote X-ray and optical, respectively. Detections are denoted as dots or diamonds with error bars, and
upper limits are denoted by downwards arrows. The dashed lines represent the GRB afterglow emission and the dotted dash lines represent the merger-nova
emission. The evolution function of the magnetar spin-down radiation luminosity is presented by the green dashed line and the late magnetar wind dissipation
emission is presented by the light blue dashed line. The solid lines denote the sum of various emission components. The optical points are not corrected for
Galactic or intrinsic extinction. The upper limit data for GRB 050724 are at the 3σ confidence level (Malesani et al. 2007).
and Suzaku (Hurley et al. 2006). This was followed by lower-
level persistent emission, making the total prompt duration as
130± 10 s. The fluence in the 15-150 keV band is (1.43±
0.14)× 10−6 ergs cm−2 (Schady et al. 2006). Berger et al.
(2007) obtained spectroscopic observations of a putative host
galaxy with GMOS on Gemini-South on 2006 November
20.31 UT for a total exposure time of 3600 s, and detected
weak continuum emission and several emission lines corre-
sponding to [O ii] λ3727, Hβ, [O iii]λ4959, and [O iii]λ5007
at z = 0.4377± 0.0002.
The X-ray lightcurve shows an initial slope of α ∼ 2.26±
0.1, breaking around 290 s after the burst to a flatter de-
cay slope of α ∼ 0.77± 0.07. Optical afterglow was ob-
served with the ESO-VLT UT2 equipped with FORS1 twice
(Malesani et al. 2006a,b), on 2006 Oct 7.30728 UT (14.6 hr
after the prompt trigger) and on 2006 Oct 8.2936 UT (1.60
days after the prompt trigger). The inferred power-law decay
slope is quite shallow (α∼ 0.50± 0.08).
Similar to GRB 050724 and GRB 070714B, the diverse be-
havior between X-ray and optical band at late times again
suggests that GRB 061006 optical lightcurvemay be contami-
nated by the emission from a magnetar-poweredmerger-nova.
After the steep decay, the simple decayingX-ray data could be
fitted by the external shock emission, while the early soft ex-
tended emission is contributed by the direct magnetic dissipa-
tion of the magnetar wind. Unlike GRB 050724 that showed a
re-brightening in X-rays, no X-ray bump is seen near the peak
of the optical merger nova. This might be explained by as-
suming that the supra-massive neutron star already collapsed
before 104 s.
In the interpretation of GRB 061006, the following param-
eters are adopted (Table 1): jet isotropic kinetic energy Ek =
1.6× 1052 erg, ambient medium density n = 0.1 cm−3, initial
Lorentz factorΓ0 =200, half opening angle θ =0.2, ǫe =0.015,
ǫB = 0.00003, p = 2.1, neutron star radius Rs = 1.0× 106 cm,
initial spin period Pi = 2 ms, dipolar magnetic field of strength
B = 5× 1015 G, ejecta mass Mej ∼ 10−2M⊙, ejecta initial ve-
locity vi = 0.2c, effective opacity κ = 1 cm2 g−1, and 1% wind
deposition efficiency.
3.4. Summary
The late time optical data of all three GRBs show a com-
mon feature of re-brightening, which can be well interpreted
as the presence of a magnetar-powered merger-nova in each
of them. The X-ray behaviors of the three bursts, on the other
hand, are completely different. For instance, unlike GRB
050724, GRB061006 did not show a late re-brightening fea-
ture in the X-ray band, suggesting that the magnetar may have
collapsed into a black hole before the surrounding ejecta be-
comes transparent4. On the other hand, the XRT light curve
of GRB 070714 shows small flaring features superposed on
the fading power-law behavior, which dose not exist for GRB
050724 and GRB 061006. The flaring is consistent with the
erratic activity of a magnetar. Because of these repeated activ-
ities, the funnel punched by the jet never completely closes in
contrast to GRB 050724 and GRB 080503. This can also ex-
plain the lack of a very steep decay phase in this burst, in con-
trast to the other two GRBs. In any case, all three cases can
be interpreted within the framework of the magnetar-powered
merger-nova model.
It is worth noting that the late optical data points for GRB
061006 are close to each other in log space, and the last data
is possibly contaminated by the host galaxy (Malesani et al.
2006b). Taking into account that the X-ray light curve of GRB
061006 behaves as a simple power-law decay without any ad-
ditional features after the initial decay phase, we put GRB
061006 as a less robust case compared with GRB 050724 and
GRB 070714B.
4. CONCLUSIONS AND DISCUSSION
In this work, we carry out a complete search for magnetar-
powered merger-nova from the short GRB data. With the
three criteria we set up (extended emission / internal plateau,
late time high-qualityX-ray and optical data, and redshift), we
are left with three bursts i.e., GRB 050724, GRB 070714B,
GRB 061006. Interestingly, all three bursts exhibit chromatic
behaviors in late optical and X-ray observations, suggesting
that the X-ray and optical data are contributed by different
4 In the interpretation of GRB 070714B and GRB 061006, we invoke the
magnetar collapsing time as an additonal free parameter tcol. We find that the
adopted value of tcol barely affects the final results as long as it is much larger
than the spin down timescale of the magnetar but smaller than the transparent
timescale of the ejecta.
6TABLE 1
MODEL PARAMETERS TO INTERPRET THE BROADBAND DATA OF GRB
050724, GRB 070714B AND GRB 061006
Magnetar and ejecta parameters
B (G) Pi (ms) Rs (cm) Mej (M⊙) vi/c κ (cm
2 g−1)
GRB 050724 6× 1015 5 1.2× 106 10−3 0.2 1
GRB 070714B 1× 1016 2.5 1.0× 106 10−2 0.2 1
GRB 061006 5× 1015 2 1.0× 106 10−2 0.2 1
Jet and ambient medium parameters
E (erg) Γ0 n (cm
−3) θ (rad)
GRB 050724 3.9× 1050 200 0.1 0.2
GRB 070714B 1052 95 0.01 0.2
GRB 061006 1.6× 1052 200 0.1 0.2
Other parameters
ǫe ǫB p ξ
GRB 050724 0.025 0.001 2.3 0.01
GRB 070714B 0.06 0.0002 2.6 0.1
GRB 061006 0.015 0.00003 2.1 0.01
emission components. In particular, the late optical data of
the three bursts all show a clear bump, which is consistent
with the presence of a merger-nova. The X-ray data of the
three bursts show different behaviors (GRB 050724 has an
early steep decay and late re-brightening; GRB 070714B does
not have a very steep decay phase but has flaring along the
way; GRB 061006 has an early steep decay but no late re-
brightening), but can be all understood within the framework
of a magnetar central engine. We find that with standard pa-
rameter values, the magnetar remnant scenario can well in-
terpret the multi-band data of all three bursts, including the
extended emission and their late chromatic features for X-ray
and optical data.
The fact that all three internal-plateau short GRBs with red-
shift measurement and late X-ray/optical observations have
merger-nova signatures suggest that short GRBs with inter-
nal plateaus are indeed powered by a magnetar central en-
gine. We therefore encourage intense late-time multi-color
optical follow-up observations of short GRBs with extended
emission/internal plateau to identify more magnetar-powered
merger-novae in the future.
It is interesting to compare the properties of magnetar-
powered merger-novae and the r-process powered merger-
novae claimed in the literature. In Figure 2, we present the
peak luminosities of all claimed cases, compared with the typ-
ical luminosities of novae, supernovae, and super-luminous
supernovae. One can see that the three r-process powered
merger-novae associated with GRB 050709, GRB 060614,
and GRB 130603B indeed have peak luminosities about 1000
times of that of a typical nova 5. The three magnetar-powered
merger-novaeclaimed in this paper, on the other hand, are sys-
tematically brighter by more than one order of magnitude, so
that the term “kilo-nova” cannot catch the properties of these
events. The two populations are clearly separated from each
other. More late-time follow-up observations of short GRBs
are needed to quantify the fraction of NS-NS mergers with a
magnetar merger product.
To interpret the data of GRB 050724, we adopt a rela-
tively large value for the initial spin period of the magnetar
Pi = 5 ms. It is worth noticing that this is just an effective
5 Note that the kilonova following GRB 130603B is much more robust
(with an excess of larger than 100 times of the luminosity expected from the
afterglow (Tanvir et al. 2013; Berger et al. 2013)) than the others.
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FIG. 2.— Peak bolometric luminosity for all claimed “kilo-novae"
(GRB 050709 (Jin et al. 2016), GRB 060614 (Yang et al. 2015), GRB
130603B (Tanvir et al. 2013; Berger et al. 2013)) and magnetar-powered
merger-novae. It is clear that the three magnetar-powered merger-novae sug-
gested in this paper are systematically brighter than the “kilo-novae", by more
than one order of magnitude.
way to remark that a relatively small energy budget for the
magnetar power (e.g., ∼ 1051 ergs) is required. In princi-
ple, the supra-massive or stable neutron star remnant should
be rapidly spinning near the breakup limit (e.g., Pi ∼ 1 ms
), since before the merger the two NSs are in the Keplerian
orbits. In this case, the total spin energy of the central star
is of the order of 1052 erg. However, there are several chan-
nels to distribute the total spin energy, i.e., the EM radiation
channel, the GW radiation channel, and the channel to fall
into the BH for supramassive NSs. For GRB 050724 (also
relevant to GRB 070714B and GRB 061006), the energy bud-
get in the EM channel is smaller or even much smaller than
1052 erg, implying that a good fraction of the initial spin en-
ergy may be released in the form of GW radiation loss during
(Radice et al. 2016) or after the merger due to the large de-
formation of the magnetar (Fan et al. 2013b; Gao et al. 2016;
Lasky & Glampedakis 2016), or falling into the BH. Most re-
cently, Fong et al. (2016) studied the long-term radio behavior
of GRB 050724 with the Very Large Array, and placed a strin-
gent limit of Emax ≈ (2−5)×1051 erg on the rotational energy
of a stable magnetar. This is consistent with our results. How-
ever, we notice that the limit in Fong et al. (2016) is placed by
assuming ǫB = 0.1, a relatively extreme value for ǫB in GRB af-
terglow modeling (Kumar & Zhang 2015; Wang et al. 2015).
We adopt ǫB = 0.001 to interpret the afterglow data of GRB
050724, in this case, the constraint on the rotational energy
would become much looser, e.g., Emax could be larger than
1052 erg (Fong et al. 2016).
Taking into account GRB 080503, we now have 4 candi-
dates of magnetar-powered merger-nova. Among the sam-
ple, GRB 080503 and GRB 050724 show late re-brightening
feature in the X-ray band, indicating a stable magnetar (at
least stable up to 105 s) as the central engine. For GRB
070714B and GRB 061006, the supra-massive NSs seem
to have collapsed to black holes before their surrounding
ejecta become transparent (collapse before 105 s). Although
the sample is small, the ratio between stable magnetars and
supra-massive magnetars is roughly 1 : 1, which is consis-
tent with the observational results obtained by analyzing the
X-ray behavior of particular short GRBs (Rowlinson et al.
2013; Gompertz et al. 2014; Fong et al. 2016) and the theo-
7retical results predicted by Gao et al. (2016), where a neu-
tron star EoS with a maximum mass close to a parameteri-
zation of Mmax = 2.37M⊙(1 + 1.58× 10−10P−2.84) is adopted.
A larger sample of magnetar-poweredmerger-novae in the fu-
ture could give more stringent constraints on the EoS for neu-
tron matter.
With the current sample, some simple statistics may be ob-
tained. For instance, for the central magnetar, the values of
initial spin period spans from 2 ms to 5 ms, and the dipolar
magnetic field of strength span from 5×1015 G to 1016 G. The
mass of the ejecta material spans from 10−3 M⊙ to 10−2 M⊙.
A larger sample in the future would increase the statistics
and shed light into the detailed properties of the binary NS
merger products, both the central magnetar and the surround-
ing ejecta.
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APPENDIX
Considering that one NS-NS merger event leaves behind a millisecond magnetar with an initial spin period Pi and a dipolar
magnetic field of strength B, surrounded by a quasi-spherical ejecta shell with mass Mej and initial speed vi. The total rotational
energy of the magnetar reads Erot = (1/2)IΩ20 ≃ 2× 1052I45P−2i,−3 erg (with I45 ∼ 1.5 for a massive neutron star). The spin-down
luminosity as a function of time could be expressed as
Lsd = Lsd,i
(
1+
t
tsd
)
−2
(1)
where
Lsd,i = 10
47 R6s,6B
2
14P
−4
i,−3 erg s
−1 (2)
is the initial spin-down luminosity, and
tsd = 2× 105 R−6s,6B−214P2i,−3 s (3)
is the spin-down timescale. In our treatment, we do not introduce the spindown term due to gravitational wave radiation, but
allow Pi be a free parameter, which can be longer than 1 ms. In terms of merger-nova dynamics, the result would be similar if
one takes Pi ∼ 1 ms but explicitly introduces a GW spindown term (Gao et al. 2016; Sun et al. 2016).
In the directions not blocked by the ejecta (either intrinsic or drilled by the jet), internal dissipation of the magnetar wind would
give rise to extended emission (along the jet direction) or a GRB-less X-ray emission in the off-axis direction (Zhang 2013).
Assuming an efficiency factor ην to convert the spin-down luminosity to the observed luminosity at frequency ν, we have
Fν ∼ ηνLsd
4πνD2L
. (4)
In other directions, the magnetar wind runs into the ejecta and is quickly decelerated. The dissipation photons (either from forced
reconnection or self-dissipation) would be initially trapped and eventually show up when the ejecta becomes optically thin. On
the other hand, the injected wind continuously pushes from behind and accelerates the ejecta, where the dynamical evolution of
the ejecta can be determined by (Yu et al. 2013)
dΓ
dt
=
dE
dt
−ΓD
(
dE′int
dt′
)
− (Γ2 −1)c2
(
dMsw
dt
)
Mejc2 + E
′
int +2ΓMswc
2
(5)
where Γ is the bulk Lorentz factor of the ejecta, Msw =
4π
3 R
3nmp is the swept mass from the interstellar medium (with density n)
and R is the radius of the ejecta. D = 1/[Γ(1−β)] is the Doppler factor with β =
√
1−Γ−2. E ′int is the internal energy measured in
the comoving rest frame, whose variation could be expressed as (e.g. Kasen & Bildsten 2010; Yu et al. 2013)
dE ′int
dt ′
= ξD−2Lsd + L′ra − L′e −P ′
dV ′
dt ′
, (6)
where L′ra is the radioactive power, which could be estimated by
L′ra = 4× 1049Mej,−2
[
1
2
−
1
π
arctan
(
t ′ − t ′0
t ′σ
)]1.3
erg s−1, (7)
with t ′0 ∼ 1.3 s and t ′σ ∼ 0.11 s (Korobkin et al. 2012). L′e is the radiated bolometric luminosity, reading as 6
L′e =
{
E′intc
τR/Γ , τ > 1,
E′intc
R/Γ , τ < 1,
(8)
6 The energy loss due to shock emission is ignored here, as is usually done in GRB afterglow modeling.
8where τ = κ(Mej/V ′)(R/Γ) is the optical depth of the ejecta with κ being the opacity (Kasen & Bildsten 2010; Kotera et al. 2013).
P ′ = E ′int/3V ′ is the radiation dominated pressure where the comoving volume evolution can be fully addressed by
dV ′
dt ′
= 4πR2βc, (9)
together with
dR
dt
=
βc
(1−β)
. (10)
With energy conservation, we have
dE
dt
= ξLsd +D2L′ra −D2L′e. (11)
The dynamical description of the ejecta could be easily obtained by solving above differential equations. Assuming a blackbody
spectrum for the thermal emission of the merger-nova, the observed flux for a given frequency ν could be calculated as
Fν =
1
4πD2Lmax(τ,1)
8π2D2R2
h3c2ν
(hν/D)4
exp(hν/DkT ′)−1 , (12)
where h is the Planck constant.
The interaction between the ejecta and the ambient medium would drive a strong external shock, where particles would be
accelerated and broad-band synchrotron radiation emitted. Assuming that the accelerated electrons is a power law function with
the index of p ( dN
′
e
dγe
∝ γ−pe , γe,m ≤ γe ≤ γe,M), and that a constant fraction ǫe of the shock energy is distributed to electrons, the
minimum injected electron Lorentz factor could be estimated as (p≥ 2)
γe,m = g(p)ǫe(Γ−1)
mp
me
, (13)
where the function g(p) takes the form
g(p)≃
{
p−2
p−1 , p > 2;
ln−1(γe,M/γe,m), p = 2.
(14)
The maximum electron Lorentz factor γe,M could be estimated by balancing the acceleration time scale and the dynamical time
scale, i.e.
γe,M ∼
ΓtqeB
ζmpc
, (15)
where ζ ∼ 1 is a parameter that describes the details of acceleration. Assuming that the magnetic energy density behind the shock
is a constant fraction ǫB of the shock energy density, one can obtain B′ = (8πesǫB)1/2, where B′ is the comoving magnetic field
strength and es is the energy density in the shocked region.
According to standard synchrotron radiation model, in the co-moving frame, the synchrotron radiation power at frequency ν′
from electrons is given by (Rybicki & Lightman 1979)
P′ν′ =
√
3q3eB
′
mec2
∫ γe,M
γe,m
(
dN′e
dγe
)
F
(
ν′
ν′cr
)
dγe, (16)
where qe is electron charge, ν′cr = 3γ
2
eqeB
′/(4πmec) is the characteristic frequency of an electron with Lorentz factor γe, and
F(x) = x
∫
+∞
x
K5/3(k)dk, (17)
with K5/3(k) being the Bessel function. The observed flux density at frequency ν =Dν′ can be calculated as
Fν =
D3
4πD2L
P′ν′ , (18)
The interaction between the GRB jet and the ambient medium could also generate a strong external shock, giving rise to broad-
band GRB afterglow emission (Gao et al. 2013b, for a review). The total effective kinetic energy of the jet and the medium can
be expressed as
E = (Γ−1)Mjetc
2
+ (Γ2 −1)Mswc
2, (19)
where Msw = 2π(1− cosθ)/3R3nmp with θ being the half opening angle of the jet. The energy conservation law gives
dΓ
dt
=
−(Γ2 −1)
(
dMsw
dt
)
Mjet +2ΓMsw
. (20)
where the energy loss due to shock emission is ignored. With a dynamical solution for the jet and the aforementioned radiation
equations, one can calculate the relevant broadband GRB afterglow emission.
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